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We consider thermal, trapped and chromo-natural inflation in light of the swampland criteria and
the Trans-Planckian Censorship Conjecture (TCC). Since thermal inflation occurs at energies low
compared to those of Grand Unification, it is consistent with the TCC, and it is also consistent
with the refined swampland conditions. Trapped and chromo-natural inflation are candidates for
primordial (high energy scale) inflation. Since in both of these scenarios there are effective damping
terms in the scalar field equation of motion, the models can easily be consistent with the swampland
criteria. The TCC, on the other hand, constrains these scenarios to only take place at low energies.
I. INTRODUCTION
Recently, a number of challenges have been raised con-
cerning the theoretical foundations of inflationary cos-
mology. On one hand, the swampland criteria are con-
ditions which the potential of a canonically normalized
scalar field driving inflation must obey in order to allow
an embedding in superstring theory (see [1, 2] for original
articles and [3, 4] for reviews). On the other hand, the
Trans-Planckian Censorship Conjecture (TCC) [5] is a
constraint on cosmological models coming from demand-
ing that physics on scales larger than the cosmological
horizon be shielded from the non-unitarity [6] of the ef-
fective field theory description of the cosmological model,
and can be viewed as a generalization of Penrose’s Cos-
mic Censorship Conjecture [7] to the case of cosmology
(see e.g. [8] for a discussion of these aspects). The swamp-
land criteria rule out single field slow-roll inflation models
and false vacuum inflation. They also rule out a model in
which Dark Energy is a bare cosmological constant, while
remaining consistent (given the current status of obser-
vations) with quintessence models of Dark Energy [9, 10].
The TCC puts a tight constraint on slow-roll inflationary
models [11], forcing the energy scale of such a period of
inflation to be smaller than about 1010GeV, thus yielding
a negligibly small amplitude of gravitational waves 1.
The swampland criteria, however, do not rule out all
inflationary models. Some multi-field models may remain
consistent [15], and the warm inflation scenario [16] can
easily be consistent with the criteria [17]. In this pa-
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1 The constraint becomes even stronger if the effects of a pre-
inflationary radiation phase are taken into account [12], but
weakens in the case of power law inflation [13, 14], or if non-
standard cosmology after reheating is allowed [13].
per we consider representative examples of three inter-
esting classes of non-slow-roll inflation models and study
what kind of constraints the swampland criteria and the
TCC place on them. The models we consider are thermal
inflation [18], trapped inflation [19] and chromo-natural
inflation [20]. Trapped and chromo-natural inflation fol-
low the basic warm inflation ideas of particle production
during inflation and the associated additional sources of
friction in the dynamics of the inflaton, which just as
for warm inflation therefore allow steep inflaton poten-
tials. Given the success of warm inflation in addressing
the swampland criteria [17], it motivates us to therefore
study these other models. Particle production during
inflation not only implies a modified inflationary dynam-
ics, it also implies the possibility of a thermal bath. This
property also is present in thermal inflation, although in
that scenario it is present simply as an initial condition
and there is no particle production mechanism to sustain
it. Thus in thermal inflation the presence of the ther-
mal state is short lived and is not present long enough
to effect large scale observable perturbations. Nevethe-
less there are some similarities again with warm inflation
that motivate a closer look. The effects of a radiation
bath and the reheating problem have also been discussed
in the context of the swampland criteria [21]. Since both
trapped and thermal inflation have some similarities to
the reheating problem, this gives an additional motiva-
tion for studying these modes here. We show that all
three models above to varying degree can be made con-
sistent with the swampland criteria. We also find that
thermal inflation is clearly consistent with the TCC. For
trapped inflation and chromo-natural inflation, the TCC
leads to similar constraints as it does for standard slow-
roll inflation.
The structure of this note is as follows. In the follow-
ing section we briefly review the swampland criteria and
the TCC. Then follow three sections in which we one
by one discuss thermal inflation, trapped inflation and
chromo-natural inflation, first mentioning their motiva-
tion, and then studying the constraints. We are work-
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2ing in the context of a standard Friedmann-Robertson-
Walker-Lemaitre cosmology with the space-time metric
given by the line element
ds2 = dt2 − a(t)2dx2, (1)
where t is physical time, x are the comoving spatial coor-
dinates and a(t) is the scale factor. The expansion rate is
H(t) ≡ a˙/a, the dot indicating a derivative with respect
to time. We work in natural units in which Planck’s con-
stant, the speed of light and Boltzmann’s constant are
set to 1. The reduced Planck mass is denoted by MPl.
II. SWAMPLAND CRITERIA AND
TRANS-PLANCKIAN CENSHORSHIP
Cosmological inflation [22] is usually studied in the
context of effective field theory when a scalar matter field
φ is coupled to Einstein gravity. Effective field theory
is very successful when studying low energy phenomena,
but it is incomplete in the high energy limit, and it is this
high energy limit which is important for early universe
cosmology. Superstring theory is our best candidate for
a theory which unifies matter and gravity at high ener-
gies. Thus, it is of great importance to ask which models
of effective scalar fields are consistent with superstring
theory (these are said to lie in the landscape) and which
are not (they are in the swampland).
The first criterion [1] for an effective field theory con-
sistent with string theory is that the range of field val-
ues ∆φ which the dynamics explores is smaller than the
Planck scale,
∆φ < c1MPl, (2)
where c1 is a constant of the order one. The second cri-
terion [2] concerns the slope of the scalar field potential
V (φ). For scalar fields coming from string theory, the
slope has to be sufficiently large (see e.g. [23] for an ex-
ample),
V ′
V
MPl > c2, (3)
where c2 is another constant of the order one, and a prime
denotes a derivative with respect to φ. This condition ap-
plies to a rolling scalar field which dominates the energy
density of the universe (see e.g. [24] for a derivation from
entropy considerations). For fields located near a local
maximum of their potential, it is possible than Eq. (3) is
not satisfied, as long as the potential is sufficiently tachy-
onic [24, 25]:
V ′′
V
M2Pl < −c3, (4)
where c3 is once again a constant of the order one.
The condition (3) clearly is in conflict with single slow-
roll scalar field models with canonically normalized ki-
netic terms since the left-hand side of Eq. (3) is the first
slow-roll parameter and which is supposed to be much
smaller than one. The condition (2) excludes large field
models of inflation. This is also problematic since it is
large field models of inflation in which the slow-roll tra-
jectory is a local attractor in initial condition space [26]
(see also [27] for a review), whereas this attractor nature
is not present in small field models [28].
A different constraint on cosmological models comes
from the recently postulated Trans-Planckian Censor-
ship Conjecture (TCC) [5]. According to this conjec-
ture, trans-Planckian modes (modes with constant co-
moving wavelength) must remain hidden by cosmological
horizons. If we consider the mode corresponding to the
Planck length lpl at some initial time ti, then its physical
wavelength must remain smaller than the Hubble horizon
H−1(tR) at all later times tR, i.e.,
lpl
a(tR)
a(ti)
< H−1(tR) (5)
or equivalently
ln
(
MPl
H
)
> N, (6)
where N is the number of e-folds of inflation. This con-
dition imposes an upper bound on the duration of infla-
tion. It has been argued that an O(1) factor can appear
on the left hand side of the last expression [29]. This
refined TCC condition would remain consistent with the
de Sitter conjecture (3).
If inflation is to provide a causal mechanism for pro-
ducing all of the structures we observe today, the co-
moving scale corresponding to the current Hubble radius
today (time t0) must originate inside the Hubble horizon
at the beginning of inflation (time ti), i.e.,
H(t0)
−1 a(ti)
a(tR)
a(tR)
a(t0)
< H(ti)
−1, (7)
where here tR corresponds to the end of inflation. The
above condition imposes a lower bound on the duration
of inflation. The upper bound from Eq. (5) and the lower
bound from Eq. (7) on the duration of inflation are con-
sistent provided that the energy scale V
1/4
0 of inflation
is
V
1/4
0 < 10
10GeV, (8)
which leads to an upper bound on the tensor to scalar
ratio r of
r < 10−30, (9)
assuming that there is a mechanism to generate scalar
fluctuations of the observed magnitude. These last two
equations were obtained assuming almost exponential in-
flation and are relaxed for models such as power-law in-
flation [14]. However the O(1) correction argued by the
modified TCC could increase the upper bound on the
energy scale to accommodate even up to the GUT scale,
which is most typically associated with inflation.
3III. THERMAL INFLATION AND THE
SWAMPLAND
Thermal inflation is a phase of late time inflation which
was proposed in Ref. [18] as a way to dilute unwanted
moduli fields which are produced in the early universe,
in particular in supersymmetric models. Since it is a low
scale model of inflation, and there is no requirement that
the comoving scale corresponding to the current Hubble
radius emerges from inside the Hubble radius during the
period of thermal inflation (in fact, we do not want this to
be the case), it is natural to expect the thermal inflation
scenario to be consistent with the TCC. Here we wish to
explore whether it can be consistent with the swampland
criteria.
Thermal inflation postulates a new complex scalar field
φ with a potential of the form
V = V0 −m20|φ|2 +
∞∑
n=1
λnM
−2n
Pl |φ|2n+4, (10)
where the quadratic term comes from soft supersym-
metry breaking, with m0 being close to the scale of
electroweak symmetry breaking. m0 is taken to be in
the range between 102 and 103GeV. The higher order
terms are non-renormalizable ones with coupling con-
stants λn ∼ 1 for the theory to be valid up to the Planck
scale MPl. Note the absence of a quartic renormalizable
term in the potential. This is justified if we assume that
φ is a flat direction before supersymmetry breaking at
the perturbative level.
If the n’th term in Eq. (10) dominates in the sum,
we have a nonvanishing vacuum expectation value for φ
given by |φ| = M , where
M2n+2M−2nPl = 2(n+ 1)
[
2(n+ 1)(n+ 2)λn
]−1
m20 . (11)
For n = 1 (the case we will focus on in the following) we
find that M is in the range between 1010 and 1011GeV.
By requiring that V (M) = 0 we have that the constant
term V0 in Eq. (10) is given by
V0 = 2(n+ 1)
[
2(n+ 2)
]−1
m20M
2 . (12)
From the form of the potential we then obtain V ′′(M) 
M2, which thus yields a very flat potential, and the field
φ is hence called a “flaton”.
If we assume that φ is coupled to other fields χ which
are in thermal equilibrium at a temperature T , and the
masses of these field are smaller than T , the the poten-
tial (10) obtains finite temperature corrections δTV of
the form [30]
δTV =
1
12
g2T 2|φ|2, (13)
where we have taken a standard coupling between φ and
χ of the form g2|φ|2χ2. Hence, the flaton field will be
trapped near the origin for T > Tc, where
Tc = 2
√
3g−1m0 . (14)
Thermal inflation begins when the potential energy of
the φ field (trapped at the origin in field space) starts to
dominate over the energy density in the thermal back-
ground. This occurs at a temperature TI given by
TI = (g
∗)−1/4
(
2
3
)1/4
m
1/2
0 M
1/2, (15)
where g∗ is the number of degrees of freedom in the ther-
mal bath, and where we have taken the case n = 1 for
simplicity. The number N of e-foldings of thermal infla-
tion is then determined by
eN =
TI
Tc
, (16)
which yields
N =
1
2
ln
(
M
m0
)
+ ln g˜, (17)
where
g˜ ≡ 6−3/4(g∗)−1/4g . (18)
Let us now study the compatibility between thermal
inflation and the TCC. In the spirit of strengthening the
TCC bound [12] we assume that the universe is domi-
nated by radiation back to the Planck time. The TCC
criterion then demands that the comoving scale corre-
sponding to the Planck length at the Planck time remains
smaller than the Hubble radius at the end of the period
of thermal inflation, i.e., at the time tc we have that
lpl
a(tc)
a(tI)
a(tI)
a(tpl)
< t−1c . (19)
Making use of our assumption of pre-inflationary radia-
tion domination, the first ratio on the left-hand side of
Eq. (19) equals Tpl/TI (where Tpl is the Planck temper-
ature), while the second ratio is eN . Parametrizing the
value of m0 as
m0 ≡ 102+ηGeV, (20)
in terms of a constant η, the condition (19) becomes
(dropping constants of order one, and setting g∗ = 1)
g < 1012−η/2 . (21)
As expected, we find that the TCC can almost trivially
be satisfied.
We now turn to the swampland constraints. Since
M MPl and the field φ evolves from φ = 0 to |φ| = M ,
the field range condition (2) is also trivially satisfied. The
de Sitter conditions (3) and (4) are less trivial. Since
the potential is very flat, there could be important con-
straints. Note that it is the potential without tempera-
ture corrections which is relevant for the de Sitter condi-
tion. Indeed, since
|V ′|
V
' 2m
2
0|φ|
V0
, (22)
4and since |φ| is close to the origin, the condition (3) is
grossly violated. To be more specific, we can evaluate
the condition at the field value |φH | given by its quantum
expectation value during inflation, i.e.,
|φH | ∼ H(TI) . (23)
Modulo numerical factors the condition (3) becomes
e−4Ng2 > 1, (24)
which is extremely hard to realize. However, since during
inflation φ is trapped at the field origin, there is another
way in which the model can be consistent with the (re-
fined) swampland constraints. This is the case if Eq. (4)
is satisfied. Now,
|V ′′|
V
M2Pl = 3
(
MPl
M
)2
, (25)
(again for the case n = 1). Since M  MPl we see that
Eq. (4) is trivially satisfied.
Thus, we have shown that thermal inflation is consis-
tent both with the TCC and with the refined swampland
conditions.
IV. TRAPPED INFLATION AND THE
SWAMPLAND
Trapped inflation is based on basic warm inflation
ideas of particle production during inflation and the cor-
responding damping effects on the inflaton evolution.
The scenario obtains inflation on steep potentials which
is motivated by string theory constructions [19]. In the
context of string theory, scalar fields which arise in the
low energy effective field theory of our four space-time
dimensional world are moduli fields of the string theory,
e.g., size and shape moduli associated with the compact
extra-dimensional space. It is known that for such mod-
uli there are enhanced symmetry values at which towers
of string states which are of the string scale in Minkowski
space-time become low mass (mass smaller than the typ-
ical energy scale of the modulus field dynamics). If the
modulus field is rolling, then these string states can be
parametrically produced when the field passes through
such an enhanced symmetry point [31, 32]. This pro-
cess is analogous to the parametric production of par-
ticles at the end of inflation when the inflaton field os-
cillates about the minimum of its potential [33–37] (see,
e.g., [38, 39] for reviews). The produced particles con-
tribute to the effective potential of the modulus field and
tend to slow it down.
We expect that the swampland criteria may be satisfied
in the trapped inflation scenario, and in the following we
will verify that this is indeed the case. The constraints
on the TCC, on the other hand, are identical to the ones
for standard slow-roll inflation.
The Lagrangian density which describes the interac-
tion of the inflaton modulus field φ with the other fields
χi is the same as the distributed mass model of warm
inflation [40, 41],
LI = 1
2
g2
∑
i
(
φ− φi
)2
χ2i , (26)
where the χi represent particles which become light (with
mass less than the Hubble parameter) at the enhanced
symmetry points φ = φi, and g is the coupling constant
(which is taken to be independent of i). The χi fields are
taken to have canonical kinetic terms.
As studied in Ref. [32], χi particles are resonantly pro-
duced as φ crosses the value φi. The number density of
χi particles is
nχi(t) '
g3/2
(2pi)3
φ˙3/2(ti)
a3(ti)
a3(t)
, (27)
where the last factor comes from the redshifting of the
number density of particles after they are produced at
the time ti.
The production of χ particles extracts energy from the
φ field and hence leads to an equation of motion of the
form [19]
φ¨+ 3Hφ˙+ V ′(φ) +
∑
i
g5/2
(2pi)3
φ˙3/2(ti)
a3(ti)
a3(t)
= 0 . (28)
If the separation ∆ between neighboring enhanced sym-
metry points is small (we take them to be equally
spaced), then we can approximate the sum in the equa-
tion of motion (28) by an integral, and the integral is
dominated at the final crossing point. Thus,∑
i
g|φ− φi|nχ ' g
5/2
3H(2pi)3
φ˙5/2 . (29)
In this way, the approximate form of the inflaton equation
of motion becomes
φ¨+ 3Hφ˙+ V ′(φ) +
g5/2
3H∆(2pi)3
φ˙5/2 = 0 . (30)
Trapped inflation arises if
|φ¨|  3H|φ˙|  |V ′| . (31)
In this case Eq. (30) yields the result
φ˙ ' −
[
3H∆(2pi)3|V ′|]2/5
g
. (32)
The first calculation we do here is to see whether the
second part of the inequality in Eq. (31) is consistent with
the de Sitter condition (3). Assuming that the potential
energy density dominates, we can express H in terms of
V and the Planck mass. The condition (31) becomes
|V ′|
V
MPl > g
−5/337/3(2pi)2V 1/6M−4/3Pl ∆
2/3 . (33)
5This is a lower bound on the relative slope of the po-
tential and not an upper bound as one may have first
expected. Thus, there is no inconsistency with the de
Sitter condition.
Next, we need to verify that the slow-roll condition
is consistent with the swampland criteria. The slow-roll
parameter  is given by [19]
 =
3
(
φ˙2 +
∑
i g|φ− φi|nχ
)
2V
. (34)
We will study the two terms on the right-hand side of the
above separately. First, making use of Eq. (32), we find
that the condition φ˙2/V  1 becomes
MPl
|V ′|
V
 MPl
∆
MPl
V 1/4
1
3(2pi)3
. (35)
Since the energy scale V 1/4 of inflation is much lower
than the Planck mass, and since ∆  MPl we see that
the right hand side of the above is much larger than one,
and so the condition (35) can easily be consistent with
the de Sitter constraint (3). Now, let us move on to the
second term in Eq. (34). To study the condition∑
i g|φ− φi|nχ
2V
 1, (36)
we make use of Eq. (29) and obtain
MPl
|V ′|
V
 2MPl
∆
, (37)
which once again can be consistent with the de Sitter
criterion (3) provided that ∆MPl.
We thus conclude that trapped inflation can be con-
sistent with the swampland criteria. However, since
trapped inflation involves almost exponential expansion,
the TCC criterion applies without change and implies
the upper bound (8) on the energy scale of inflation and
the upper bound (9) on the tensor to scalar ratio. The
analysis so far has not examined the parameter regime
consistent with observation. Accounting for that makes
it more difficult to remain consistent with the swamp-
land criteria. For example, for the inflaton potential
m2φ2/2, the region in the space of the two parameters
of the model, (g,m/MPl), consistent with observational
constaints on tilt, r, and non-Gaussianity as evaluated in
Ref. [19] becomes very narrow when also accounting for
the swampland criteria.
V. CHROMO-NATURAL INFLATION AND
THE SWAMPLAND
Chromo-natural inflation [20] is a proposal to obtain
inflation on a steep potential by coupling the inflaton
field, which is assumed to be an axion field, via a Chern-
Simons coupling to a non-Abelian gauge field. The pro-
posed matter Lagrangian density is
L = 1
2
∂µφ∂
µφ−µ4
[
1 + cos
(
φ
f
)]
− λ
8f
φF aµν F˜
µν
a , (38)
where F˜ is the dual of the field strength tensor F , f is the
analog of the axion decay constant, λ is a dimensionless
coupling constant, and a is a group index.
In the absence of coupling to the gauge field, inflation
would only be possible for f > MPl (this is the natural
inflation [42] scenario), and this would lead to a conflict
with both the distance criterion (2) and the de Sitter
conditon (3) or (4). However, the coupling to the gauge
field can provide an effective friction analogous of what
occurs for trapped inflation.
In order for the scenario to work, there must be a ho-
mogeneous gauge field configuration, and this is not pos-
sible for a U(1) gauge field. For an SU(2) gauge field (and
similarly for any larger group which contains a SU(2)
subgroup), we can construct a homogeneous gauge field
configuration
Aa0 = 0 (39)
Aai = a(t)ψ(t)δ
a
i
where the index i is the usual spatial index. The equation
of motion for the axion field φ then becomes
φ¨+ 3Hφ˙− µ
4
f
sin
(
φ
f
)
= 3g˜
λ
f
ψ2
(
ψ˙ +Hψ
)
, (40)
where g˜ is the gauge coupling constant.
It was shown [20] that natural initial conditions for
ψ lead to the possibility of obtaining inflation (driven
by the potential energy of φ) for values f  MPl. In
this case, it is obvious that the swampland criteria are
satisfied. Once again, however, the TCC imposes the
upper bound (8) on the energy scale of inflation, and the
bound (9) on the tensor to scalar ratio.
VI. CONCLUSIONS
We have shown that the thermal inflation, trapped in-
flation and chromo-natural inflation scenarios all satisfy
the swampland criteria. The latter two models both rely
on damping effects on the inflaton due to interaction with
other fields, following the same idea as in warm inflation,
which is one general prototype for consistency with the
swampland criteria [17].
Whereas thermal inflation is also consistent with the
TCC (because it is by construction a low scale model with
a short period of inflation), the TCC imposes the same
upper bounds on the energy scale of inflation, and on the
tensor to scalar ratio, as what is obtained for single field
slow-roll inflation. However, the modified TCC could
substantially relax this upper bound on the energy scale.
Another point that has recently been reiterated [43] is
that inflation models should be independent of the high
energy quantum gravity theory. In the effective field the-
ory framework, loop calculations are truncated at the
high energy cutoff scale under the assumption that the
high energy physics will properly take care of the renor-
malization. A perfect decoupling from the high energy
6physics is when the effective low energy theory is con-
ventionally renormalizable, and thus contains operators
of dimension four or less. For all other cases, the extent
of decoupling in the theory is dependent on the type of
questions being asked from the theory.
Ever since the single field monomial chaotic models
have been ruled out by observation, it has been difficult to
realize the cold single field inflation scenario with a con-
ventionally renormalizable theory. In particular, single
field models which are a best fit to observations [44], have
nonrenormalizable operators that play an essential role in
the inflaton dynamics. These nonrenormalizable opera-
tors are all remnants of the high energy quantum gravity
theory. It is therefore quantum gravity that determines
the form of the potential and thus all of the observa-
tional signatures. Since the basic questions asked from
such theories are inherently based on the high energy
physics, there is no decoupling in such theories. Mod-
els with scalar fields non-minimalyl coupled to gravity
are still consistent with observation for φ4 inflaton po-
tentials. However such theories are inherently dependent
on classical gravity working, and so by extension would
not be independent of quantum gravity effects either. In
contrast to this, there are several warm inflation models
that are conventionally renormalizable, going back to the
earliest distributed mass model [45], the two-stage model
[46], and the more recent Warm Little Inflation model
[47].
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